The influx of Ca Ions into the presynaptic nerve terminal through ion channels is a key link between the action potential and the release of chemical transmitters. It is not clear, however, which types of Ca channel are involved in neurosecretion at vertebrate synapses. In particular, there is disagreement as to whether these channels are sensitive to dihydropyridine blockers, characteristic of L-type Ca channels. We have used the chicken ciliary ganglion calyx synapse to test the effect of the dihydropyridine nifedipine on Ca current recorded directly from a cholinergic presynaptic nerve terminal. We used a control neuron to define the experimental conditions under which L-type Ca channels are blocked by 10 jtM nifedipine. We then tested the effect ofthe dihydropyridine on Ca currents recorded from the presynaptic terminal using the same conditions. Nifedipine did not reduce the calyx Ca current nor did it block chemical transmission through the ganglion. The lack of effect of the dihydropyridine was not due to restricted access since w-conotoxin GVIA, a peptide toxin that blocks transmission at this synapse, rapidly blocked the calyx Ca current. Thus, the predominant Ca channel in this presynaptic nerve terminal is not dihydropyridine sensitive and, hence, cannot be characterized as L-type.
jtM nifedipine. We then tested the effect ofthe dihydropyridine on Ca currents recorded from the presynaptic terminal using the same conditions. Nifedipine did not reduce the calyx Ca current nor did it block chemical transmission through the ganglion. The lack of effect of the dihydropyridine was not due to restricted access since w-conotoxin GVIA, a peptide toxin that blocks transmission at this synapse, rapidly blocked the calyx Ca current. Thus, the predominant Ca channel in this presynaptic nerve terminal is not dihydropyridine sensitive and, hence, cannot be characterized as L-type.
The voltage-gated entry of Ca ions is a key step in the release of transmitter substances at neuronal synapses. However, the study of Ca entry into vertebrate presynaptic nerve terminals has been greatly limited by the small size and inaccessibility of these structures. In particular, it has not been possible to apply the voltage clamp (1) technique to define the biophysical and pharmacological properties of presynaptic Ca channels. Instead, these ion channels have been characterized by testing the effects of drugs on Cadependent neurosecretion or Ca uptake into synaptosomes. These approaches are too indirect to resolve which of the several different types of Ca channels that have recently been described (2, 3) exist on presynaptic nerve terminals.
One crucial question is whether presynaptic Ca channels are sensitive to dihydropyridine (DHP) blockers. These drugs have demonstrated a selectivity for one type of high-voltage activated Ca channel, commonly termed the L type (see ref.
3 for a recent discussion of terminology). It has been reported in a number of studies on a variety of nerve terminals that DHP blockers do not block Ca-dependent secretion or Ca entry (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , leading to the conclusion that presynaptic Ca channels are not L type (8, 10, (14) (15) (16) (17) . However, recent reports argue an alternative interpretation. In certain preparations DHPs can block transmitter release, but this effect is significant only when the nerve terminals are depolarized (18) (19) (20) . The action of DHP blockers on Ca channels in neurons is known to be voltage dependent: these drugs are more effective at depolarized resting membrane potentials (VR) (18) (19) (20) (21) . It is argued, therefore, that sensitivity to DHP blockers, in the absence of a controlled presynaptic VR, is an inadequate test to evaluate the role of L-type Ca channels in nerve terminals (19, 20) . Clearly, an unambiguous answer as to whether presynaptic Ca channels are DHP-blocker sensitive requires a technique that allows control of the nerve terminal VR.
In this study we have used the "chicken giant synapse" preparation to examine the action of DHP blockers on presynaptic Ca channels in a fast transmitting cholinergic synapse. The ciliary ganglion calyx synapse is the only vertebrate preparation in which it is possible to record presynaptic Ca currents (Ias) (22, 23) . Voltage clamp of the nerve terminal is possible under visual control using tight seal, whole cell recording techniques (23) allowing the local application of drugs (24) . The ICa in these nerve terminals is recruited at a relatively depolarized membrane potential and is sustained, without evidence of inactivation, for the duration of the voltage pulse. These biophysical properties of the presynaptic ICa are consistent with, but not diagnostic for, the activation of L-type Ca channels.
We first examined whether chemical transmission at this synapse was sensitive to DHP blockers. We next tested one DHP, nifedipine, on the calyx Ca. Technical difficulties in the isolation and voltage clamp of the calyces preclude experimental strategies that require long and involved recording periods. We minimized the number of calyx experiments by first establishing conditions under which nifedipine would consistently block the L-type ICa in a control neuronal cell. We then determined the effect of nifedipine on presynaptic Ca channels by testing the effect of the drug on the calyx ICa under the same conditions. MATERIALS AND METHODS Synaptic Transmission. Ciliary ganglia were dissected from day 16/17 chicken embryos with intact oculomotor (presynaptic) and ciliary (postsynaptic) nerves. The ganglia were pinned onto a Sylgard-coated dish in a continuous stream of oxygenated (02) buffer (composition in mM: NaCI, 145; KCI, 5; NaHCO3, 1; MgCI2, 2; CaC12, 2; dextrose, 10; Hepes/Na, 10; pH 7.3) . Suction electrodes were used both to stimulate the presynaptic nerve at 1 Hz with 100-ps square-wave electrical pulses and to record from the postsynaptic nerve. The extracellularly recorded compound nerve action potentials (CAPs) were amplified and filtered to 10 kHz (Princeton Applied Research) and were displayed on a digital storage Drugs were dissolved in the same buffer and were oxygenated and maintained in a separate holding tube. Treatments were given by switching solution flow from the plain buffer to the test solution. Experiments were carried out at room temperature (22-240C).
Ca Currents. The technique for whole-cell patch clamp recording from the calyx has been described (23). Briefly, ciliary ganglia were dissected out of day 15 chicken embryos (stages 39-41, ref. 25) and were rinsed and treated with enzyme in standard minimal Eagle's culture medium. The ganglia were dissociated by incubation in a mixture of collagenase (0.4 mg/ml; Worthington type 4), hyaluronidase (1000 units/ml; Worthington), and dispase (16 mg/ml; Boehringer Mannheim) followed by trituration. The cells were plated onto a Petri dish in external medium of composition (in mM): tetraethylammonium chloride (Baker), 115; Hepes/ Na, 10; CaC12, 20; MgCl2, 2; glucose, 10; tetrodotoxin (Sankyo), 0.3 gM; pH 7.4, and were allowed to settle and adhere to the dish.
Standard tight seal, whole cell recording techniques were used (26). The patch pipette was filled with internal medium [CsCI, 50 mM; N-methyl-D-glucamine chloride, 50 mM; tetraethylammonium chloride, 20 mM; bis(2-aminophenoxy)-ethane-N, N, N' ,N '-tetraacetate (BAPTA)/Cs, 10 mM; Hepes/Cs, 10 mM; ATP/Mg, 2 mg/ml; Lucifer yellow, 3 mg/ml; pH 7.2] and was applied to the cell. After establishment of an on-cell seal, the patch membrane was broken by suction to allow access to the cell interior. Calyces were identified morphologically by Lucifer dye staining as a result of perfusion of the patched structure with the electrode solution (23). Ion currents were recorded by using an Axopatch amplifier and a Labmaster interface on a Compaq 386 20E computer using PCLAMP (Axon Instruments, Burlingame, CA) software. Currents were filtered at 2 KHz, digitized at 50 or 100 ,us per point, and leak corrected on-line using a P/n (subtraction subpulse amplitude equals original pulse amplitude divided by number of subpulses) (n = 10) procedure.
Successful calyx recordings were infrequent and of short duration. While calyces were observed on many of the neurons, only a very few were free of the outer glial cell sheath and only a fraction of these were accessible to the patch electrode. Furthermore, even when successful recordings were made, these were often short-lived. This difficulty is attributed to losing the seal on the very thin (0.1 to 2 ,m intermembrane distance; E.F.S. and G. Goping, unpublished data) calyx and not to current washout. To obtain useful information it was necessary, therefore, to minimize the number of calyx experiments and to use as simple a procedure as possible. Recordings from many calyces (>60) indicated that inward ICaS could be consistently recorded from a range of holding potentials to a step potential of + 30 mV. The general strategy in this study was, therefore, to give a train of depolarizing pulses to +30 mV until the currents stabilized and then to test the pharmacological agent by local application.
Drugs and Toxins. c-Conotoxin GVIA (w-CTX; Peninsula Laboratories) was stored lyophilized at -4°C. Nifedipine and nimodipine (Sigma) were stored and used protected from light. The DHPs were dissolved in propylene glycol at 10 mM and were diluted in external buffer prior to use. All experiments were carried out at room temperature (22-24°C).
Pharmacological agents were applied directly to the cell from a closely positioned (<25 ,um) blunt-tipped (3-4 ,m) pipette by positive pressure. The pipette tip was kept outside the bathing solution until the whole cell configuration had been established and ion currents had stabilized and was only positioned close to the cell immediately prior to drug treat- 
RESULTS AND DISCUSSION
Extraceliular Recording of Transmission Through the Ciliary Ganglion. We used a simple extracellular recording technique as an assay to test the effect of DHPs on transmission through the ciliary ganglion. The ganglion was mounted in an experimental chamber and the presynaptic oculomotor nerve was stimulated while recording CAPs from the postsynaptic ciliary nerve. The recording electrode was positioned close to the ciliary ganglion so that CAPs generated by both the pre-and the postsynaptic nerves could be detected (27-30). We first confirmed that transmission was primarily chemical by demonstrating the block of the postbut not the presynaptic CAP by the Ca channel blockers w-CTX and Cd ( Fig. 1 C and D Proc. Natl. Acad. Sci. USA 87 (1990) Proc. Natl. Acad. Sci. USA 87 (1990) 9685 7-8 min of 10 uM DHP treatment on the peak-to-peak amplitude of the postsynaptic CAP [CAPuntreated (CAPuntr = 370 ± 70 ,uV, CAPnifedipine-treated (CAPnif) = 370 ± 38 /V; tpaired, P > 0.1, no. of ganglia (n) = 3] (Fig. 1) . Very high nifedipine concentrations, beyond a reasonable physiological range (.20 ,u M) , were required for a blocking effect (Fig. 1B) . Even at these excessive concentrations the reduction in the postsynaptic CAP was only partial. At 50,uM nifedipine, the postsynaptic CAP was reduced by 22% (CAPuntr = 370 ± 38 gV, CAPnf = 287 ± 42 gV; tpaired, P < 0.05, n = 3). Similar results were obtained with a second DHP, nimodipine. We were concerned that the ciliary neuron synapse may have a high safety factor and that a considerable block in transmitter release might go undetected. To rule out this possibility we reduced the Ca content of the extracellular medium from 2 mM to 0.8 mM, reducing the postsynaptic CAP by about 70%. The residual postsynaptic CAP was particularly sensitive to any further reduction in external Ca or block of presynaptic Ca channels. We found that at nifedipine concentrations of 3 (10 ,M) was applied to the cell from a closely positioned micropipette during the pulse train. Current traces recorded at 6 and 9 sec after the onset of drug exposure were averaged and the amplitude of the sustained ICa' the inward current during the last 5 ms of this averaged trace, was measured (ICa(nifedipine-treated), ICa(nif)). This current amplitude was compared to the average sustained current in three traces recorded immediately prior to drug treatment (ICa(untreated) , ICa(untr)).
At a holding potential of -70 mV, 10 AM nifedipine blocked the sustained ICa in a few ciliary neurons but not in others and the block was not statistically significant [JCa(untr) = 248 ± 48 pA, ICa(nift = 200 ± 52 pA; tpaired, P > 0.1, no. of cells (n) = 7] . However, with a holding potential of -50 mV nifedipine consistently reduced the sustained inward ICa (WCa(untr) = 163 ± 23 pA, ICa(nif) = 79 ± 25 pA; tpaired, P < 0.01, n = 6), a decline of >50%. This effect was observed within 6 sec of the onset of treatment and reversed when the drug pipette tip was removed (Fig. 2 A and C) . Thus, there was evidence for voltage dependence of DHP action on the ciliary the ICa of a ciliary neuron. The neuron was held at -50 mV and was stepped to +30 mV to activate an inward Ica (Control) . A pipette containing 10 ,uM nifedipine was brought up to the neuron and the drug was pressure ejected. In the presence of nifedipine the sustained Ica declined, leaving a small transient current (Drug). On removal of the nifedipine pipette the current recovered (Recovery). The pretreatment record is the average of three traces immediately prior to drug treatment (-6, -3, 0 sec), the record during treatment is the average of two traces at 6 and 9 sec, and the posttreatment record is the average of 3 traces at 15, 18 , and 21 sec after removal of nifedipine. (B) Effect of locally applied 10 ,u M nifedipine on the ICa of the presynaptic calyx. The calyx was held at -50 mV while stepping the membrane to +30 mV, as for the neuron. Prior to drug treatment a sustained 27-pA Ica was recorded in the calyx (Control). The inward current did not change significantly during nifedipine treatment (Drug). The pretreatment record is the average of 3 current traces immediately prior to nifedipine treatment (-6, -3, and 0 sec). The record during treatment is the average of two traces at 6 and 9 sec after the onset of nifedipine treatment. ,uM c-CTX treatment (onset at dashed line, time 0) averaged for four calyces. For each calyx the sustained current during the last 10 ms of the current pulse was normalized to the mean current in the three pulses immediately prior to toxin treatment. Block of the 'Ca is evident within 3 sec. The mean pretreatment 'Ca (Iprc) for the four calyces was 45 ± 21 pA. ganglion neuron ICa, consistent with reports in other neurons (18, 19) . The study on the ciliary neurons defined the holding potential at which nifedipine blocked a large fraction of the L-type ICa under our conditions. We then tested whether the ICa recorded from the presynaptic calyces was blocked by nifedipine at a holding potential of -50 mV. Calyces were patched in the whole-cell configuration and inward Icas were activated by a train of voltage pulses to +30 mV. Nifedipine (10 tLM) was applied during the train from a closely positioned micropipette in six calyces. The data from one calyx were omitted from the analysis because the pretreatment ICa was of too small amplitude to be reliably measured. In none of the calyx experiments did the ICa decline coincident with application of the DHP (Fig. 2 B and C) . The decline in the ciliary neuron ICa during nifedipine treatment was significantly greater than that in the calyx ICa by both parametric (t test, P < 0.01) and nonparametric (Mann-Whitney, P < 0.01) statistical criteria. Thus, nifedipine clearly had a much larger blocking action on the sustained ICa of the ciliary neuron than on that of the calyx.
We cannot prove that nifedipine does not have any effect on the calyx ICa but we can estimate how much of a nifedipine block might have been missed due to variability in the calyx current recordings. The calyx ICa was not significantly different during exposure to nifedipine than that recorded prior to treatment (Ca(untr) = 24 + 6 pA, ICa(nif) = 28 ± 8 pA; tpaired, P > 0.05, n = 5). A calculation of the 95% confidence limits on the paired difference between the means gives a range of 1 2 'Ca(untr) -'Ca(nif) : -9 pA. This result implies that 10 tLM nifedipine blocks <4% of the calyx ICa with 95% confidence.
The calyx is an extensive structure and it remained a possibility that nifedipine does not penetrate the synaptic space fast enough to show evidence of block during the limited recording period. To rule out this possibility we treated the calyxes with w-CTX, a toxin that blocks chemical transmission at this synapse (32, 33) . cwCTX reduced the ICa in seconds (Fig. 3) . Since the molecular weight of nifedipine is about one-tenth that of the toxin, the resistance to DHPs cannot be attributed to restricted access to the Ca channels. Presumably, the synaptic space is connected to the external medium through pores in the calyx (34).
Our results show that the calyx ICa is not blocked by nifedipine treatment under conditions where this drug has a pronounced effect on L-type 'Ca in the postsynaptic ciliary neuron and in several other preparations (18, 21, 35) . We conclude that the predominant Ca channel in this presynaptic nerve terminal cannot be characterized as L-type.
These results confirm the majority of studies on the action of DHPs on synaptic transmission. The finding that transmitter release is sensitive to DHP blockers in a few preparations, notably peptidergic terminals (15, 18, 19) , could have two interpretations. It is possible that in these nerve terminals the ion channel associated with transmitter release is an L-type Ca channel. Alternatively, there could be two or more Ca channel types with the L-type predominating under the depolarized conditions used to demonstrate DHP sensitivity. One interesting possibility is that in cases where neurosecretion is a result of a general increase in cytoplasmic Ca concentrations, as appears to be the case in the secretion of hormones at the neurohypophysis (36), all Ca channel types may contribute. However, where secretion is rapid, at specific locations and dependent on a large Ca transient (37), as in nerve terminals, Ca influx may be via a distinct, release site-associated Ca channel type, such as that found in the calyx.
The Ca channel in this cholinergic presynaptic nerve terminal can be characterized by several properties of the inward ICa: a relatively high-voltage threshold (22, 23), rapid activation and deactivation, little voltage-dependent inactivation (22), sensitivity to w-CTX, and, finally, resistance to DHP block. There are similarities of this channel to the N type described by Tsien and colleagues (35) in the chicken dorsal root ganglion neuron but also significant differences, in particular with regard to voltage-dependent inactivation (E.F.S. and G. Goping, unpublished data). The transmitter release site-associated Ca channel may represent a distinct subtype that is best described, for the present, as "N-like." The similar pharmacology of many synapses with respect to DHP and o-CTX (33) block indicates that the Ca channel type found in the calyx may be representative of a number of vertebrate fast-transmitting presynaptic nerve terminals.
